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?I The purpose of these experiments was to compare turbulence mleasure-

ments using two types of velocity measurement probes: split-film and x-

I film. The goal is to determine the turbulent flow regimes where the

split-film can be used to replace the x-film. -ý2 ( '7O /), V('I(')

I thank my advisor LtCol Paul King for his guidance and patience

through this effort, and his training in anemometry. Before the wind

tunnel could be used for turbulence measurements, it required extensive

i restoration. I also thank Prof Hal Larsen for his effort in these

renovatons, and his zeal to educate me in the finer points of wind

tunnel operation and aerodynamics. Mostly, thank-you Sharon for your

extra effort running the household while I was off taking data.
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Litn vmbols

I a King's law calibration constant

3 A1  split-film velocity calibration constant

A2  x-film velocity calibration constant

A' split-film angle calibration constant
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I b King's law calibration constant

SB split-film velocity calibration constant

"2 x-film velocity calibration constant

B* split-film angle calibration constant

B" x-film angle calibration constant

C |C split-film velocity calibration constant
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d cylinder diameter

D difference of squared voltages, split film (E - I 22
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e standard deviation of error
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E2  voltage, channel 2 (split or x-film)

IE1O voltage, channel 1 with flow aligned with split (split-film) or
bisector (x-film)

SE20 voltage, channel 2 with flow aligned with split (split-film) or
bisector (x-film)

s11 voltage, channel 1 with flow normal to film I (split-film)

E21 voltage, channel 2 with flow normal to film 1 (split-film)

S12  voltage, channel 1 with flow normal to film 2 (split-film)

IE22 voltage, channel 1 with flow normal to film 2 (split-film)
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E(n) spectral distribution function

3 lu integral scale, u-component

Iv integral scale, v-component

I k kinetic energy of turbulence

Ki split-film balance coefficient

K2 x-film balance coefficient

3mu micro-scale, u-component

my micro-scale, v-component

I n frequency

ns sample rate

RB Reynolds shear stress

3 ReD Reynolds number based on diameter (U'd/viscosity)

S1  sum of the squared voltages, split-film (E2 + K 2 E2 )
1 1 1 2

3 2 sum of the squared voltages, x-fils

Sn Strouhal number (n'dAJ)

Tt total turbulence intensity

3 TA turbulence intensity, u-ccaponent

Tv turbulence intensity, v-component

ST. turbulence intenxity, w-coqxnent

u velocity component, axial (x) direction

a time average of u

3 u fluctuation velocity cwconent (u - U)

U total velocity (time dep ent)

3 v velooity coaponent, radial (Y) direction

v time average of v

U v fluctuation velocity component (v - V
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w. fluctuation velocity component in z-direction

a x-film wire angle from the bisector

0 flow angle with respect to the probe body

Ox x-film bisector angle with respect to the probe body

99 split-film split location with respect to probe body
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Z-) The split-film sensor is composed of two independent films sup-

ported by a quartz filament. The split-film's larger diameter makes it

less sensitive to high frequency fluctuations than the x-film, but is

able to measure higher flow angles than the x-film. The objective of

I this thesis is to commie turbulence measurements of the split-film with

3 the more established x-film over a range of turbulence levels.

he ,esults indicate problems using the split-film in regions of

]ow velocity combined with low turbulence (Reynolds number based on film
diameter less than 380 and turbulence intensity below 1.5.pereaftt). The

I plit-film provided better turbulence maamurMnte than the x-film when

used in regions of high turbulence (10 to 50,iPeret) with velocity

fluctuations greater than 45 degi..d from the mean.

Tho split-film is not capable of detecting flow revertials, but will

give the proper direction of the velocity coopcoent normal to the split.

3 This information is helpful bcause the masnitude of the Reynolds etwsr

stress in reversing flow can still be determined using the split-film,

but not the diijtion (sig). / -

I

, | viii
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COMPARISON OF SPLIT-FILM AND X-FILM MEASURM( S IN 2-D FLOW

3 I. Introduction

Currently 2-D) turbulent flows are usually measured using x-film or

x-wire sensors. X-film sensors {Figure l)-are chosen over x-wires when

I the testing environment might cause wire breakage. Both the x-film and

3 x-wire provide excellent data in cas4s where the flow direction is known

end the sensor can be aligned with the flow., If the flow varies over

±45 degrees from the sensor's centerline, the x-configuration does not

work. Also, the size of x-film and x-wire sensors detracts from their

U use in thin bcundw-Y layer flows due to the 2-D cross-section for these

probes ranging up to 0.25 inches.

The split-film esuor (Figura 2), in use since 1970, is a rweant

innovation in aneoeeter sensing equipment. This sensor is cootpoed of

tuo electrically independent filmsw msp~orted by a single quartz fiber

3 (TSI, Tb 20, undated:1). The split-film is well suited for measuring

2-D turbulent flow (by design) due to it's ability to measure velocity

fluctuations up to ±90 degrees from the mean flow direction. The split-

3 film is capable of withstanding a wre harsh envioroment thwi x-wires

and x-films- having film diameters less ttzn 0.002 inches. The split-

film.s design also allows for use in thin boundary layers because its

2-0 cross-section is equal to its diameter of 0.006 inches.

The slit-film a larger diameter, however; contributes to the

3 slit-film having less sensitivity to velocity fluctuations than hot-

wires end hot-films. Another problem associated with split-films stems

* 1
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1 from internal heat transfer (cross-talk) from one film to the other

through the quartz substrate (Ho, 1982:1240). This cross-talk was shown

to cause inaccurate turbulence measurement at Reynolds numbers (based on

U film diameter) less than 24, and at low frequencies.

The purpose of these experiments is to compare turbulence measure-

I Uments of the split-film with the more established x-film sensor over a

range of turbulence levels and determine applications where the split-

film gives accurate turbulence data. This information would be useful

in situations where size limitations or large flow angles preclude the

use of x-film sensors, and an alternative suoh as the split-film would

I Nbe beneficial.

* ankgtound

AnAomaxt. Hot-film anemometry is based on work done with hot-

wires, where the flow velocity is related to the heat transfer in an

electrically heated wire. The empirioal law governing this heat

transfer rate is known as King's law:

I E2 = a + b-Un (n)

whore E is the wire voltage; Ue is the flow velocity normal to the wire;

3 id a, b, and n are constants determined through oilibration.

More recently, Siddall wd Davies (1971:367) proposed a modifica-

tion to ing's law by applying a quadratic form to Equation (1) a]lowing

for oalibration constants which are easier to obtain:

"* 2
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where A, B, and C are the new calibration constants.

These equations apply to a single sensor located in the flow.

Measurement of velocity fluctuations in two directions requires dual

sensors such as the split-film and x-film. Appandix A discusses the

3 application of Equations (1) and (2) to x-film and split-film sensors.

Tirbulgnce measurPennt.l Measurement was accomplished in both low

and high turbulence environments. Low turbulence was provided in an

empty wind tunnel fitted with screens in order to provide turbulence

I levels below 2 percent at velocities ranging between 95 and 122 ft/sec.

3 IHigh turbulence was generated using the wake of a cylinder having a

Reynolds number based on diaieter of 144,000. Turbulence levels in the

wake of a cylinder have been investigated by Townsend (194). and by

Uberoi and Freywuth (1989).

For Reynolds numbers greater than 300 the flow in the wak,ý of the

oylinder can be described in several stages. The developing et..ge

ovonsints of regular vurtices up to 48 diameters dowinstream and oontinues

3l until 400 diamters dowstreom of the cylinder; beyond 400 diameters,

the flow becomes dynamically stable (Uberoi and Froymuth, 1M89. 1359).

I Uberoi en Freywuth (1989:1380) mesaured t*. turbulence for distances of

Si25, 50. 100, 200, 400, and 8W0 diameters downstream of a cylinder and

the traen indicate the turbulence in the wake close to the cylinder

3 (lees then 25 diamters) could aproach 50 percent for Reynolds numbers

greater then 540, Due to size limitations in the 14 inch wind tunnel,

*3



I

turbulence, in this thesis, was measured in the cylinder's wake within

one diameter downstream of the cylinder.

The turbulence measurements used in these experiments to compare

the x-film and split-film include such quantities as intensity, Reynolds

shear stress, and scales.

Turbulence intensity is based on the mean of the squares of the

fluctuating components of velocity. It is usually non-dinenriorxlized

using the mean flow velocity. The turbulence intensity used for

3 comparison was calculated from the following relationships (Cebeci &id

I Smith, 1674:.13,14):

TU (u~' (3)

Tv = W /- (4)

TI ( )/-• U (5)I 2
Tt =((TU + T,2 + T.)/314 (6)

where
S0 time averaged value (mean) of total flow velocity

Tu = turbulence cmponent in the u-direction

Tv = turbulence oompment in the v-direction

T, = turbulence component in the w-direction

Tt = total turbulence intensity

u" = u-ac~txvant of the fluctuating velocity3v = v-component of the fluctuating velocity

W = velocity fluctuation component in the z-direction

If t 2-D asseu4tion is used in these comparisons, with Tu s Tv t Tv

(roughly), then Tw s Tt. Substituting this assumption into Equation (8)

and solving gives:
"* 4



Tt [(Tt + T)2)!2] (7)

This gives the total turbulence (Tt) as a function of the turbulence

components Tu and Tv.

The level of turbulence is directly related to it's kinetic energy,

shown in the following relation (Cebeci and Smith, 1974:14):I
k = 02 "T 2 (8)

where k is the kinetic energy of the turbulence per unit mass.

Another quantity important in the study of turbulence is the

Reyno'ds shear stress, calculated using the product of the velocity

fluctuationo in two directions. Conservation of Reynolds shear stresses

"is uarz ixi tht Reynolds stress transport equations-analogous to conser-

vation of momentum in the Navier Stokes equations (Bradshaw, 1972:430).

3 Reynoldr slear stress (Rs) is defined as:

-I R - 2"(-•')/ Vi 2  (9)

Turbulence scales may be diviaed into two types: the micro-scale,

3 and the integral scale. These scales can be determined using Fourier

transforms of the time traces of the fluctuating velocity components.

Scales of turbulence arp meamures of the size of large-scale eddies or

motion in the fluid (integral scale), w.J the smaller-scale disturbances

I being transported along with tim (micro-scale) (Bradshaw, 1972:433).

Tho integral soala (1) was determined using the following method (Cebeci

and Smith, 1974:21):

* 5



3
I (0

given I .U/=(0 u 7 )I1*iim[E(n)] (0
substituting U = -TUJ2 from Equation (3) (11)

and E(n) = FFT2(n) from Appendix B (12)

gives 4 IUu-lm[F , n](3
n->O

likewise Iv = )].lim [FFT2 (n)] (14)
I n->O v

where n is the frequency; Iu and Iv are the integral scales in the u and

v directions, respectively; FFT , and FFT1, are the Fast FourierU v

3 transforms (Appendix B) of u' and v" velocity components; and E(n) is

the spectral distribution function.

The micro-scale (W) was determined using the following method

"(Cebeci and Smith, 1974:22):

1 / mu = 2[u [n 2E(n)] (15)
n=O

and substituting Equations (11) and (12) yields

1 / = 2 , - T,)) 2 [n2., F .(n)] (16)

nO U

likewise 1 / = 2 *2, Tv) 2 .3 [n- Fv2.(n)] (17)
n=O

I where mu and my are the micro-scales in the u and v directions.

.I

.I

I'



II .... Experimental Procedure

m_ i Dhta cc~llhction

The sensors compared in these experiments were both manufactured by

Thermal Systems Inc. (TSI). The split-film, model 1288 (Figure 2); and

the x-film, model 1241-10 (Figure 1); were operated using TSI"s IFA-I0

Flow Analyzer (transducer). This transducer includes two TSI model 150

Anemometers each supported by a model 157 Signal Conditioner. The

signal conditioners provide an adjustable low-pass filter ranging from 1

Hz to 500 KHz. Output bridge voltages from each anemometer, after

passing through the signal conditioner, were converted to digital

information using a Qua-tech analog-to-digital (A/D) converter installed

SI in a Zenith Z-248 personal computer. This A/D system provided 4 channel

3 simultaneous sampling (only 2 channels were used) for frequencies

ranging from 160 Hz to 32 KHz. The digital information imported to the

computer via the A/D converter was then converted to voltage data for

each channel using software written in Hicrosoft (o) Basic. All

i calibration and comparison data retrieval for both probes was ac-

complished using the same TSI dual channel 18 inch probe support and

connecting cables.

U Angle calibrattinn

i Each sensor provided by TSI includes a recommended operating

resistance for each channel which gives an operating temperature of 250

degrees C. Both channels on the transducer were set according to TSI's

recommendations prior to angle calibration.

.7
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The frequency response of both channels on each sensor was tested

3 Iusing a square wave generator provided with the anemometer. The bridge

output for each channel was observed with an oscilloscope and the

I frequency compensation was adjusted on each bridge until the frequency

response of both channels matched. This procedure was accomplished

prior to calibration and data collection in order to assure balanced

3 Ifrequency response for each sensor.

Appendix A gives details on the relationships used for angle

3 calibration and shows that the angle calibration procedures ueed for

both sensors did not require the flow velocity be known. The sensorsI
were calibrated using a rotation mechanism mounted to an air chamber

(Figure 3). Calibration data was obtained for each sensor using a range

of angles and three velocities for each angle. The velocities used were

3 approximately 63, 90, and 125 ft/seo; chosen to be in the range of

velocities used later for tunnel data comparisons.

I lifilm. In order for the split-film to function properly, both

3 halves of the film must operate at the same temperature, defined as

"balance". The recommended operating resistances for each channel of

the split-film are not accurate enough to balance the sensor, and

further adjustment is required. The procedure outlined by TSI used to

balance the sensor also gives the angular location of the split relative

to the probe (sensor) body (0a) (TSI, TB 20, undated:7-9). This

procedure relies on the following relationships:I
KI = E10/E 2 0  (18)

* 8
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Ki = [(E 2-EIIl)/(E21-E 220] (19)

where
: iKi = balance factor, independent of flow velocity

EI0 = voltage, channel 1 with flow aligned with split

E20 = voltage, channel 2 with flow aligned with split

Ecan = voltage, channel 1 with flow normal to film I

E2! = voltage, channel 2 with flow normal to film 1
E 12 = voltage, channel 1 with flow normal to film 2

-E I22 = voltage, channel 2 with flow normal to film 2

An iterative procedure is used to balance the probe and obtain 8s
lby using above Equations (18) and (18) and the angle calibrator along

--with minor adjustments to the operating resistance of one channel. The

angle 8s is described by the flow angle which provides the same value

for Ki in both Equations (18) and (19) while allowing for Ki to remain

constant over a range of air velocities.

3 lAfter Ki and 6a were found for the split-film, the probe was

calibrated using the following relationships described by TSI (TSI, TB

l 20, undated:2) as modified in Appendix A:

-' I B'

DI/SIN(G + Os) = A.S (20)

defining: D1= E2 K_*B (21)

S E: •+K2-E (22)

where

E1  voltage, channel 1

I2 = voltage, channel 2

0 = flow angle with respect to probe body

£ GO = angle betweeu split and probe body

S 1 = am of squared voltages, corrected by K2. (definition)
*l



DI Difference of squared voltages, corrected by Ki (definition)

I A' and B' = calibration constants, independent of temperature

5 iAngle calibration data was obtained using the calibrator, shown in

Figure 3, by positioning the probe body at a range of angles with

I respect to the flow and measuring the voltage for each channel (three

3 •velocities and ten angles were used). Least-squares curve fitting was

used to calculate the constants A* and B" with results shown in Figure

I 5.

X-film. The angle between the probe body and the bisector of the

I two films was measured using a reversed bench microscope. The image of

the "X" was projected and traced at 180 degrees and 0 degrees axial

probe body rotation as illustrated in Figure 8. The angle between the

3 two bisectors gives two times the angle between the probe body end "X"

bisector (Ox, the bisector angle). Once (6 was known, the probe was

3 positioned in the angle calibrator such that the bisector was lined up

with the air flow. The operating resistance of one channel was adjusted

until both channels gave the same voltage level within the accuracy of

3 smeasurement equipment used (oscilloscope or voltmeter). The ratio of

the voltages for each channel (K2, approximately equal to one) was then

3 calculated:

K2 = E 1 o1E (23)

SI wherp

BE0 = voltage, channel 1 with flow aligned with the bisector

3 20 = voltage, channel 2 with flow aligned with the bisector

K2 = balance factor, indepeent of flow velocity

3 10



I
Once Ox and K2 were known, the probe was calibrated for angle

measurement in the same manner as the split-film using the following

relationships developed in Appendix A:.I
D2/TAN(G + (6) = A"S B" (24)

2Idefining: D = E2 - d 2(25)

= E2 + &. (26)

SS2 (24

where

3 E voltage, channel I
E2 = voltage, channel 2

I = flow angle with respect to probe body

Ox = angle between bisector and probe body3 S2 = sum of squared voltages, corrected with K2 (definition)

D2 = difference of squared voltages, corrected with K2 (definition)

SA" and B = calibration constants, independent of temperature

The procedure for obtaining x-film angle calibration constants is

oI identical to the split-file and the results are shown in Figure 7.

Velocity oalibration

The probes were calibrated for velocity in the 14 inch tunnel

U (discussed later) prior to taking turbulence measurements in order to

3 reduce errors caused by temperature changes and to avoid using teapera-

ture correction factors sometimes used in velocity calibration. Before

3 the tunnel could be used for velocity calibration, it was calibrated

using a pitot-static tube. The pitot-static tube was placed in the

U, tunnel as ahomn in Figure 4 and static and total pressure reWdings were

taken. These ree•dings were cowpared with the static pressure at

locatiors 1 and 2 along the tunnel wall for a range of velocities, with

* 11



U
the results shown in Figure 8. Bernouli's equation, based on incompres-

g sible flow, was used to convert the pressures to velocity.

Splifilm. The split-film was positioned at the tunnel centerline

Il and voltage measurements taken for velocities ranging from 50 to 140

3• ft/sec; chosen to be in the range of velocities used for tunnel data

comparisons. The probe was calibrated for velocity measurement using

3 Ithe following relationship given by TSI (TSI, TB 20, undated:2) as

described in Appendix A:U
SI= AI + B1-Uk + C1.U (27)

where U is the tunnel velocity; and AV, B1, and C1 are constants.

U Least-squares was used to calculate the velocity calibration constants

5 and the results for one temperature are shown in Figure 9.

-fi-M. The x-film procedure is similar to the split-film except

"3 Iit was necessary to determine the flow angle (0) first using Equation

(24), the predetermined constapts A" and B", and the angle correction

3 lfactor Ox.

"3 •The relation used to obtain the x-film velocity constants is

(Appendix A):

U S2= A2 + B2.(U-'GS(o + (6)] + C2. U'ooS(B + OX) (28)

where A.2 , B2, and C2 are constants valid for all flow angles.

3 Least-equares was again used to calculate the velocity calibration

constants and the results for one temperature are shown in Figure 10.

I
3 1



Tunnel data retrieval,

3 iVelocity and turbulence was measured in a 14 inch diameter subsonic

wind tunnel. This tunnel was a recirculating type with an air exchanger

I upstream of the compressor designed to maintain a constant air tempera-

ture in the tunnel. Screens (2) were fitted upstream of the test

section to reduce the turbulence generated by the compressor and the

I turning vanes (located in the comers of the tunnel). The test section

included a model support yoke mounted in the bottom and a probe positio-

- i ning machanism mounted to the top. The probe positioning mechanism was

designed to provide symmetric probe blockage in the tunnel by aligning

the probe support with the flow using a rod traversing through both the

3 i top and bottom of the tunnel (Figure 4). Measurements were accomplished

in the empty tunnel (except for model support yoke) for low turbulence,

5 iand behind a three inch diameter cylinder mounted to the model support

yoke for high turbulence.

3j •iEni.•. Each probe was positioned in the same x (axial)

3 location and data was obtained by traversing in the y (radial) direc-

tion. Figure 11 shows the coordinate system used and the locations

3 chosen. Three velocities were sa-pled at each data location: 97, 110,

and 122 feet/sec. These velocities were chosen in oider to remain in

the range of incompressible flow assumptions, and to be consistent with

3 the flow velocity used for the three inch cylinder (high turbulence)

coqparisons.

SThe signal conditimera lom-pass filter for each channel was set

for a cut-off frequency of 8 KHz, and 512 voltages were sampled from

I each channel simultaneously at 16 Khz for each data location and

3 13



I
velocity. Fast Fourier transform (FFT) analysis (Appendix B) of the

5l voltage data ims used to determine the frequency response of the probes,

end previous test runs showed higher sampling rates did not yield

significant information at higher frequencies. The sample rate was

chosen to be twice that of the filter to reduce aliasing (anti-alias

filtering). Instantaneous velocity components were calculated from the

3 inverse of Equations (20) and (27) for the split-film, or (18) and (24)

for the x-film. For the split-film, the flow angle was calculated from:

0 = AJRCSIN[D /(A*S) as (29)

i and the velocity calculated by coapleting the square in Equation (27):

M B 2 + 4-C .(S - A) (30)1 1 1 13 U = [(Nk- BI)/(2-C1 )]2 (31)

Knowing the instantaneous velocity (U) and direction (0), the velocity

I coqoxents are found by:

u = U(OXS(8) (32)

v = U*SINM() (33)

U • 're u and v are typical of the instantaneous velocity components in

3 the x and y direction. The sase procedure may be applied to x-film

Equations (24) and (28).

3 Figure 12 shows representative fluctuation velocity traces for the

split anJ x-film where:I
u" = u - u (34)
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VI = v - v (35)

I where u and v" are the fluctuating velocities; and u and v are the

3 time-averaged (mean) values of u and v.

Figure 13 shows the Fast Fourier transforms (FFTIs) of the u" and

v traces given in Figure 12. The magnitude of the FFT's (ft/sec) shown

in Figure 13 can best be described by the square root of tthe energy

contained for each frequency.

Qyldqr. Figure 14 shows the locations whare cylinder data was

obtained for the two probes. A flow velocity of 92.3 ft/sec was used to

5 give a Reynolds rnmber based on diameter (Rep) of 144,000. This

Reynolds number was used to determine the Strouhal number (Sn) for the

I �Km~n vortex street behind the cylinder (Sohliohting, 1979:31,32). The

3 frequency of the vortex was then estimated:

"3 n ; U-Srtd (38)

3 where n is the frequency, U the flow velocity (92.3 ft/soc), d the

cylinder diamoter (3 inches), and Sn the Strouhal number (z 0.19) baxwd

3 on Schlichting's Figure-2.9 for Rao = 1A4,0WO (Sehli.hting, 1979:32).

This gave the frequency, n = 70 8: for the vortex shedding behind

I the cylinder. This information was used to lemose the saxpling rate and

filter used for data aequisition behind the cylinder. The aneamxeter's

sisal oonditioner-was sot for a out-off frequency of 4 KHz, and 512

3 voltagea were sapled from each channel aimultanaisly at 8 Khz for each

data location.
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Th-v chciue allows approximately 4.5 cycles of the shedding

3 I vortices for the FFT to sample; calculated by:

cycles = N-n/ns (37)

whero, N is the number of sample data points (512), n is the frequency of

the vortices (70 Hz), and ns is the sample rate (8000 Hz).

3 Figure 15 shows representative u' and v' traces behind the cylinder

and Figure 16 Ehows the FFT's of these velocities. The frequencies of

3I the FT's in Figure 16 were only plotted up to 800 Hz in order to

highlight the behavior of the fluctuations at the low frequencies.

I Voltage measurements taken using the computer were within ± 0.002

volts due to arnlog to digital conversion accuracy; pressure measure-

merits using the micro-manometer were within ± 0.005 inches H1-2; and

3 probe locational measurements were within ± .005 inches due to machining

tolerances of ,.Ae probe positioning mechanism (excluding probe size

"3 differenoes). The wind tunnel maintained mean velocity within ± 2

ft/sec. Turbulence mwasurements in the open tunnel were repeatable

I
within 10 percen•t error.

1I 16
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III. Results and Discussion

The values used to compare turbulence me&surements made with the x-

5 film end split film were turbulence intensity, Reynolds shear stress,

integial scale, and micro-scale. The relationships used to calculate

3 these values are outlined in Chapter I. Turbulence intensities (Tu, Tv,

and TO) were determined using Equations (3), (4), and (7); Reynolds

shear stresses (Rs) using Equation (9); integral scales (Iu and Iv)

3l using Equations (13) and (14); and micro-scales (mu and mv) using

Equations (16) and (17). The value of the FFT as n->Q used to calculate

3i the integral scale in Equations (13) and (14) was estimated by averaging

the first 3 frequency data points (Figures 13 and 15).

I
3 Figure 17 shows turbulence results using the split-film for three

"velocities in the empty tunnel. Figure 18 shows this information using

the x-film. Figures 19-21 compare the turbulence levels obtained using

3I the two probes along with the Reynolds stresses for each velocity. The

information shows turbulence levels ranging from 0.3 percent up to 2.6

3 percent.

Both probes indicate lower turbulence in the bottom of the tunnel

(0.3 - 1.25 percent) than in the top (1.0 - 2.6 percent). This was most

3 likely due to the model support yoke remaining in the tunnel's lower

half (Figure 4). This obstruction effectively forced the air to flow

5l towari the top of the tunnel, creating higher turbulence. Both probes

indicated this flow vectoring effect with measured flow deflection

5 I17
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angles of up to two degrees from the tunnel centerline and slightly

3 Ihigher velocities at the top of the tunnel (no figure).

Turbulence components Tu and Tv for both probes showed a more

SI isotropic (T" z Tv) nature as the velocity increased (Figures 17 and

18). Figure 17 shows Tu was larger than Tv for most cases using the

split-film; however, Figure 18 shows the opposite trend for the x-film.

3 Further examination of Figures 19-21 indicates the v-components of

turbulence generally agree, with the x-film showing slightly higher

3 Ilevels in the higher turbulence region of the tunnel (Y ? 0).

The major discrepancy involves the u-component of turbulence.

Especially at lower levels they did not agree, with Tu for the split-

3I film being larger than the x-film. In fact, Tu for the split-film did

not go below one percent. In order to help resolve this deviation, a

5I single-film (hot-film) probe was used to measure the total turbulence in

the region of the highest discrepancy (tunnel location Y= -3.0 inches)

at 122 ft/sec tunnel velocity. The turbulence obtained using the

UI single-film at this location agreed with the x-film as shown by the

point labeled "hot-film" in Figure 21.

5 Assuming the x-film data in this case to be accurate based on the

single-film data, an explanation for the split-film indicating higher

SI turbulence than present in the flow is needed. The u component of

3I velocity is measured using the sum of the voltages of the top and bottom

halves of the split-film's cylinder, while the difference of the

"voltages effectively gives the v-component as described by Equations

(29) and (31). In order for Tu to measure higher than actual, the

3I instantaneous voltages for each film (heat transfer) must sum together

3 I18
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such that the RMS value (Tu) of this sum becomes higher than expected.

3I The RMS value of the instantaneous difference in voltages (Tv), as

mentioned earlier, generally agreed with Tv for the x-film.

One possibility for Tu to be high could be due to thermal cross-

talk between the films. Ho demonstrated significant thermal cross-

talk, or internal heat transfer, for the same model split-film used in

-Jthese experiments at film Reynolds numbers (based on diameter) less than

24 for low level turbulence (electrically induced) (Ho, 1982:1240). The

3 Reynolds number in this thesis ranged from 300 (95 feet/sec) to 380 (122

feet/sec) for the split-film. The convection heat transfer rate

(Nusselt number) for these Reynolds numbers is about four times larger

3 than Ho's experiments (Holman, 1978:217). Eventually, as the Reynolds

number is increased, the convection heat transfer should become much

5 larger than the internal conduction and the error in measuring Tu should

become tolerable. In order to verify decreased error with increased

Reynolds numbers, the split film was placed in higher velocity flows at

3 Y = -3 inches. At 186 feet/sec, or a Reynolds number of 584, Tu and Tv

became nearly the same at 0.77 and 0.65 percent, respectively.

5i For the higher turbulence levels, the split-film and x-film were in

better agreement. Ho's experiments showed the effects of cross-talk

SI were diminished when electrically input fluctuations simulated tur-

3 bulence levels greater than four percent at a Reynolds number of 14.4

(Ho, 1982:Figure 7, 1243). This can be compared with results from

3 Figures 19-21 where the split-film did not appear to give accurate

"readirs in turbulence below 1.5 percent in Reynolds numbers below 380.

* 19
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Another possible stabilizing effect of higher turbulence levels on

the split-film could be due to increased ',,at transfer area on each side

of the split film from fluctuations in the flow nngle causing the flow

5i separation point on the cylinder to change. Large fluctuations could

effectively cause higher heat transfer rates to both halves of the

split-film due to increased area. Conversely, low turbulence combined

gI with low velocity could effectively create unbalanced heat transfer.

Reynolds shear stress values shown in Figures 19-21 for both probes

3 were of the same order, ranging from - 0.0002 to 0.0002; however, the

values for the probes did not generally agree. Integral and micro-

scales were compared in Figure 22 for one velocity (122 feet/sec). The

3 micro-scales for both components ranged from 0.030 to 0.032 inches and

agreed within 2.5 percent between probes. The integral scales ranged

from 1.8 to 13 inches for the v-oomponent and 1.9 to 38.7 inches for the

v-component. The integral scales for the two probes agreed well when

I the turbulence levels measured the same.

SMAnother effect which could have caused errors for both probes could

be due to using static calibration data to predict turbulence. More

5 accurate turbulence measurement would be possible if the probe could be

calibrated in a flow of known turbulence.

U
3 IFigures 23-25 illustrate turbulence levels in the flow behind a

cylinder measured with the split-film and x-film. The results show V-xcd

agreement with the 50 percent level expected for the wake as discussed

3 in Chapter I (page :3). The u-component of turbulence (Figure 23) shows

fair agreement for most data locations; while the v-component (Figure

* 20



24) is much different between the two probes. A single-film (hot-film)

3l probe was again used to determine the discrepancy in the turbulence

measurements; and Figure 25 shows the total turbulence levels of all

I three probes. The results show the split-film gives higher turbulence

levels in the wake behind the cylinder than the x-film and hot-film,I
with the x-film giving the lowest readings. In this situation the

31 split-film is most likely giving better turbulence information than

either the x-film or hot film due to geometry limitations of the latter

3 1two probes. This is discussed in more detail below.

The x-film is limited to flow angles within ±45 degrees (typically)

of the probe body (Figure 6). If the flow exceeds this limitation, the

31 probe will react as though the flow angle is less than ±45 degrees. For

example, the probe would react to a 40 degree flow angle with approx-

3l imately the same voltage readings as a 50 degree angle (excluding

blockage). In the high turbulence area behind the cylinder at X/D =

0.6, the fluctuating velocities u' and v" shown in Figure 15 to range

3 1from -40 to 40 ft/sec are nearly the same magnitude as the mean flow

velocity at this location of 40 ft/sec as shown in Figure 26. In this

3 situation the x-film would not be capable of accurately measuring these

fluctuations and would damp-out any fluctuations at angles greater than

3 45 degrees.

SMAnother geometry problem of the x-film and hot-film could be caused

by flow reversals behind the cylinder. Both probes could contribute

3 substantially higher self-blockage to reverse flow than the split film.

The split-film has a small diameter rod, as shown in Figure 2, support-

I ing the sensor and should be less affected by reverse flow.

*21



I
Figure 26 shows the average velocity behind the cylinder measured

with the split-film and x-film proL.s; and the values show good agree-

ment. As discussed earlier, flow reversals most likely exist behind the

I cylinder at this Reynolds number-as shown in Schlichting's Figure 2.6

(Schlichting, 1979:10). While the x-film is not capable of determining

flow directions exceeding ±45 degrees, the split-film (Figure 1), as

I used in these measurements, will always give the proper direction of

velocity in the v direction. If the split-film is exposed to flow

3I velocities greater than ±90 degrees, the direction of u becomes unknown.

Direction arrows in Figure 26 show this uncertainty.

The Reynolds shear stresses, shown in Figure 27, agreed at loca-

3 tions where x-film and split-film turbulence measured the same. Where

disagreement occurs as shown in Figure 27 (for example X/D = 0.4 and Y/D

3 I= 0.6), the disagreement is most likely due to the same x-film limita-

tion for fluctuations greater than ±45 degrees as discussed earlier

I Iconcerning turbulence measurement.

3 The micro-scales in the u and v directions ranged from 0.067 inches

at Y/D = 0.8 to 0.012 inches in the center of the wake, and compared

3I well for both probes at all axial (X/D) locations (Figures 28 und 29).

The integral scales in the wake of the cylinder (Y/D : 0.5) shown in

Figures 30 and 31 gave similar information for the x-film end split-

3t film. In this location, the scales ranged from one to five inches for

both components: this was most likely due to the influence of the three

1 inch cylinder diameter. The integral scale values approached those

obtained in the open tunnel (Fi•gure 22) when the probes were above the

I
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I
cylinder's influence. The values of the integral scale at X/D = 0.0 are

3 not shown due to inconsistencies in measurement for both probes.

Finally, the Strouhal number (Sr,) correlation described by

I Equation (36), where the vortex shedding frequency was predicted to be

70 Hz behind the cylinder, was compared with the FFT's of both probes

shown in Figure 16. The u' FET's for the split-film and x-film show

peak values at 40 and 70 Hz while the v' components showed peak values

at 30 and 110 Hz for both probes. The differences between the predicted

3 70 Hz and the measured u' and v" values could be due to the frequency

measurement increment of 16 Hz being too large to give accurate read-

ings. Another possibility could be the frequencies shown in Figure 16

3 are harmonics of the actual shedding frequency.

Also, in all of the above tests, nowhere did it appear that film

3I diameter affected the differences in the x-film and split-film probes

other than the obvious higher frequency response of the smaller diameter

I films of the x-film.

I
I
U
I
I
I
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I
IV. Conclusions and Recommendations

I The results show split-film turbulence measurements in regions of

low velocity combined with low turbulence (Reynolds number, based on the

split-film diameter, below 380 and turbulence below 1.5 percent) do not

Scompare well with the x-film. For this low turbulence (below 1.5

percent), the split-film indicates higher levels of turbulence than the

I x-film and this was explained to be most likely due to internal conduc-

tion heat transfer in the split-film. Further study in this area, using

flows with a known turbulence level would be helpful.

3 The split-film showed an advantage over the x-film when used in

regions of high turbulence (10 to 50 percent) with velocity fluctuations

Sl greater than 45 degrees from the mean. The split-film is not capable of

3 detecting flow reversals, but will only give the proper direction of the

velocity component normal to the split. Thus, the split-film can be

3 used to determine the magnitude of the Reynolds shear stress, but not

the direction (sign).

3 Scales of turbulence measured about the same for both probes,

especially when the measured turbulence levels agreed.

I
I
I
U
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II
SAwpendix A. Calibration Relationshior

-|

I The following relationships were used to calibrate the split-film

sensor. The relationship for velocity calibration given by the manufac-

turer (TSI) is (TSI, TB 20, undated:2):

E.+ K2°E 2 = Fi(U) (A.1)

1 1 2

where

3 E voltage, channel 1

E2  = voltage, channel 2

K1  = Ej 0/E 20 when flow is directed at the split, Equation (18)

Fi(U)= function of the flow velocity (U), independent of flow angle

5 Equation (A.1) is based on the assumption that F.(U) is independent

of the flow angle. To verify this assumption, the sum of the squared

voltages defined by Equation (22) was measured through a range of angles

3i and velocities and plotted in Figure A-I. FI(U) may be represented by

King's law as shown by Equation (1) or a quadratic approaoh as shown by

3 Equation (2) (Siddall and Davies, 1971:367).

To calibrate for the flow angle, TSI offers this relationship (TSI,

I TB 20, undated:2):

B1  K1"-• F2(U)-SIN(8) (A.2)

i where 8 is the angle between the plane of the split and the flow, and

3 F2(U) is also independent of angle.

3 26

I



.1

Since F2(U) and Fi(U) are only functions of velocity, F2(U) is

3 related to the sum of the squared voltages (

Therefore, Equation (A.2) can be written in the form:

3 1 2 E22 =F(S1 )'SIN(8) (A.3)

where F(SI) is a function of the squared voltages. The calibration

relationship becomes:

I DI/SIN(8) = A'-S (A.4>

where A' and B are constants and D= E2 - 2•B 2

This gives an angle calibration relationship using only the

voltages from the split film without knowing the actual air velocity.

U An example of the results obtained using these relationships is shou in

3 Figures 5 and 9.

Given the x-film geometry show in Figure 2, and King's law for

I each film of the x-film:

I 2 = Gi(U)-*OS( - a) (A.5)

I = G2(U)-COS(8 + a) (A.6)

3 where Gi(U) and C2(U) are independet of flow angle, 0 is the flowa angle

with respect to the x-film bisector, and a is the angle between the x-

bisector and the normal compnent of each film (Figure 6).
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I
If the temperature (operating resistance) of each film is adjusted

3 so that the anemometer bridge voltages for each film (channel) are

nearly equal when the flow is directed at the bisector of the x-film (0

-I 0), Gi(U) and G2(U) become nearly equal. Using these relationships,

adding Equations (A.5) and (A.6), and simplifying:

S2 = COS(8).SIN(a)-[Gi(U) + G2(U)] + CXS(a)-SIN(8)-[Gi(U) - G2(U)) (A.7)

where S2 = 2 + K E2 ; and K2= E/E 2 when the flow is directed at the

bisector (K2? 1). Further reduction of Equation (A.7) yields:

SI where G(U) : G(U) + G2(U) and Gi(U) - G2(U) c 0

3 This relationship (A.8) may be used to calibrate for velooity and

the term SIN(a) can be included in the calibration constants.

To calibrate the x-film for the flow angle, the difference of the

3 squared voltages is used. Subtracting Equation (A.6) from (A,5) and

using the sawe assumptions used to derive Equation (A.8) gives the

3 following:

3 D2 = F(U)SIN(a)-ODS(c) (A.9)

3 ~where D 2:-K

Dividing Equation (A.9) by (A.8) gives;

2 ~S 2

where A" and B" are calibration constants which include a.
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I
I This gives an angle calibration relationship using only the

i voltages from the x-film, without knowing the actual air velocity. An

example of the results is shown in Figures 7 and 10.

I
I
I
I
i
I
U

I
I
U
I
I
I
i

*i2



ilI

I 24.0 -F

22.0 VEL 125 FT/SEC

> 20.0 VEL .90 FT/SEC

WU
Ik 18.0

1 ( I) VEL -63 FT/SEC

g 16.0

1 4 .0 I ..... . SI I~~11 11 1 ' I i-i ~ I | Ii-l t: I :- 111111111i1 fj •1-1'1 ! 1 11

"-1.0 -0.5 0.0 0.5 1.0
SIN (FLOW ANGLE)-MEASURED

Figure A-I. Split-Film Voltages Compored with Flow Angie

1 30



Appendix B- Fast Fourier Transforms

-• I East Fourier transforms (FF1's) were used to examine the energy

content of the velocity traces. For example, the spectral distribution

function for the instantaneous velocity fluctuations (EI) given by

3 (Cebeci and Smith, 1974:20):

u'(t)= J E(n) dn = Z E(n) (B.1)f 00 nz:O

where u" is the fluctuating velocity in the time domain, n is the

3 frequency, and E(n) is the spectral distribution function.

Using Parseval's theorem:

. ''-I N 1 N 2
N't k= : k k u*(t) I2 F F(n)(.)

where F(n) is the discrete Fourier transform of u'(t), k is the sample

I data point, and N is the number of samples. Therefore,

I Fi'N2 2 ) E(n) (B.3)

I The discrete fourier transform used to find F(n) was the Fast

Fourier Transform (FFT) method (Press, and others, 1O86:390-395) where

3 the FFT is defined as:

2 2FFITu(n) = (1/N 2 ).F 2 (n) = E(n) (B.4)

I
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tWASIFI E

Abzt~t

The split-film sensor is composed of two independent films sup-
ported by a quartz filament. The split-film's larger diameter makes it
less sensitive to high frequency fluctuations than the x-film, but is
able to measure higher flow angles than the x-film. The objective of
this thesis is to .- mpare turbulence measurements of the split-film with
the more established x-film over a range of turbulence levels.

The results indicate problems using the split-film in regions of
low velocity combined with low turbulence (Reynolds number based on film
diameter less than 380 and turbulence intensity below 1.5 percent). The
split-film provided better turbulence measurements than the x-film when
used in regions of high turbulence (10 to 50 percent) with velocity
fluctuations greater than 45 degrees from the mean.

The split-film is not capable of detecting flow reversals, but will
give the proper direction of the velocity component normal to the split.
This information is helpful because the magnitude of the Reynolds shear
stress in reversing flow can still be determined using the split-film,
but not the direction (sign).
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